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Preface 


The  work  described  herein  was  authorized  by  Headquarters,  U.S.  Army 
Corps  of  Engineers  (HQUSACE).  The  work  was  performed  under  the  Epi¬ 
sodic  Events  Work  Unit  12112  of  the  Coastal  Field  Data  Collection  Program  at 
the  Coastal  Engineering  Research  Center  (CERQ,  U.S.  Army  Engineer  Water¬ 
ways  Experiment  Station  (WES).  Messrs.  John  H.  Lockhart,  Jr.,  Charles  B. 
Chesnutt,  and  Barry  W.  Holliday  were  HQUSACE  Technical  Monitors. 

Ms.  Carolyn  M.  Holmes,  CERC,  was  Program  Manager  of  the  Coastal  Field 
Data  Collection  Program. 

This  study  was  performed  by  Dr.  Andrew  W.  Garcia,  Prototype  Measure¬ 
ment  and  Analysis  Branch  (PMAB),  Engineering  Development  Division 
(EDD),  during  the  period  September  1993  to  March  1995.  This  report  was 
prepared  by  Dr.  Garcia.  This  study  was  performed  under  the  administrative 
supervision  of  Dr.  James  R.  Houston,  Director,  CERC;  Mr.  Charles  C. 

Calhoun,  Assistant  Director,  CERC;  Mr.  Thomas  W.  Richardson,  Chief,  EED; 
and  Mr.  William  L.  Preslan,  Chief,  PMAB. 

At  the  time  of  publication  of  this  report.  Director  of  WES  was 
Dr.  Robert  W.  Whalin.  Commander  was  COL  Bruce  K.  Howard,  EN. 


The  contents  of  this  report  are  not  to  be  used  for  advertising,  publication, 
or  promotional  purposes.  Citation  of  trade  names  does  not  constitute  an 
official  endorsement  or  approval  of  the  use  of  such  commercial  products. 


Conversion  Factors,  Non-SI  to 
SI  Units  of  Measurement 


Non  Sl-units  of  measurement  used  in  this  report  can  be  converted  to  SI  umts 
as  follows: 


1  Introduction 


The  meteorological  system  which  evolved  into  Hurricane  Emily  was 
detected  on  22  August  1993  via  sateUite  imagery  as  a  cloud  pattern  typical  of 
a  tropical  depression.  At  the  time,  it  was  located  approximately  1,800  miles 
southeast  of  Cape  Hatteras,  the  point  of  closest  approach  to  land  in  the  conti¬ 
nental  United  States.  Emily  persisted  as  a  tropical  depression  for  the  next 
2  days  while  moving  to  the  northwest.  On  25  August,  Emily  slowed  to  almost 
a  stop  and  the  system  began  to  intensify,  being  upgraded  to  tropical  storm 
status.  Emily  briefly  attained  minimal  hurricane  strength  on  26  August  as  it 
began  to  move  toward  the  southwest.  During  the  next  2  days,  Emily  gradually 
turned  again  to  the  northwest  and  re-intensified,  attaining  Saffir-Simpson  scale 
category  3  hurricane  status  on  31  August  1993.  On  1  September  1993,  Emily 
skirted  the  Outer  Banks  of  North  Carolina  while  on  a  northward  track,  then 
turned  toward  the  northeast  and  moved  back  into  the  Atlantic.  Figure  1  (from 
Lawrence  (1993))  shows  the  track  of  Emily. 

The  histories  of  Emily’s  central  pressure  and  maximum  wind  speeds  are 
shown  in  Figures  2  and  3  (from  Lawrence  (1993)).  The  maximum  surface 
wind  speed  of  slightly  more  than  100  knots  was  observed  about  the  same  time 
as  was  the  minimum  central  pressure;  both  occurred  at  the  time  of  closest 
approach  to  land.  The  radius  of  maximum  winds  at  this  time  was  approxi¬ 
mately  23  miles  (Lawrence  1993).  The  position  of  Emily’s  maximum  winds 
relative  to  the  Outer  Banks  during  the  storm’s  passage  resulted  in  flood  water 
being  forced  from  Pamlico  Sound  across  the  barrier  island  into  the  Atlantic 
Ocean. 


^  A  table  of  factors  for  converting  non-SI  units  of  measurement  to  SI  units  is  presented  on 
page  V. 
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Best  track  positions  for  Hurricane  Emily,  22  August-6  September  1993 


Figure  2.  Best  track  minimum  central  pressure  curve  for  Hurricane  Emily 


Figure  3.  Best  track  1-min  sustained  wind  speed  curve  for  Hurricane  Emily 


Chapter  1  Introduction 


3 


2  Surface  Wind  Analyses 


A  series  of  surface  wind  analyses  were  prepared  by  the  staff  of  the  Hurri¬ 
cane  Research  Division,  Atlantic  Oceanographic  and  Meteorological  Labora¬ 
tory,  National  Oceanic  and  Atmospheric  Administration.  The  analyses  are 
based  upon  wind  data  acquired  from  a  variety  of  sources  including  reconnais¬ 
sance  aircraft,  moored  buoys,  coastal  meteorological  stations,  and  ship  reports. 
A  description  of  the  analysis  techniques  used  may  be  found  in  Powell,  Dodge, 
and  Black  (1991)  and  Powell,  Houston,  and  Reinhold  (in  preparation). 

Three  analyses  were  selected  for  inclusion  in  this  report;  1400  hr  Coordi¬ 
nated  Universal  Time  (UTQ  31  August,  2200  hr  UTC  31  August,  and  0200  hr 
UTC  1  September,  1993  (Figures  4,  5,  and  6,  respectively).  These  analyses 
were  selected  as  depicting  Emily’s  surface  wind  fields  shortly  before  the  point 
of  closest  approach  to  land  (PCA),  at  the  time  of  PCA,  and  just  subsequent  to 
PCA.  The  solid  lines  in  these  figures  are  streamlines  indicating  the  wind 
direction.  The  dashed  line  are  isotachs,  i.e.,  contours  of  constant  windspeed. 

At  1400  hr  UTC  on  31  August  (Figure  4),  the  eye  of  Emily  was  approxi¬ 
mately  130  miles  from  Cape  Hatteras,  with  the  dominant  motion  toward  the 
north-northwest.  Maximum  surface  winds  were  approximately  86  knots 
(Burpee  et  al.  1994).  At  the  time,  the  dominant  wind  direction  over  Pamlico 
Sound  was  from  the  east-northeast  at  approximately  40  knots. 

During  the  next  8  hr,  Emily  took  a  slightly  more  northeriy  course  and 
moved  to  within  about  15  miles  of  Cape  Hatteras  (Figure  5).  The  maximum 
winds  at  this  time  were  slightly  greater  than  100  knots  and  the  winds  over 
Pamlico  Sound  had  increased  to  between  70  and  90  knots.  The  wind  direc¬ 
tions  over  the  Sound  varied  from  north-northeast  to  south-southeast,  depending 
upon  location.  It  is  apparent  from  the  streamline  depiction  at  this  time  that 
high  surge  levels  would  be  expected  to  occur  on  the  Pamlico  Sound  side  of  the 
Outer  Banks  south  of  Cape  Hatteras. 

By  0200  hr  UTC  1  September  1993,  the  center  of  Emily  had  moved  to 
about  100  km  northeast  of  Cape  Hatteras  (Figure  6)  on  a  track  that  was  contin¬ 
uing  to  turn  more  toward  the  east  Although  the  maximum  sustained  wind 
speed  in  Emily  was  still  slightly  in  excess  of  100  knots,  the  storm’s  movement 
away  from  C!ape  Hatteras  had  reduced  the  wind  speeds  over  Pamlico  Sound  to 
between  30  and  70  knots  with  the  direction  predominantly  from  the  northwest. 
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Hurricane  Emily  -  Real-time  Analysis 

1400  UTC  31  Aug.  1993 
Maximum  1  min  Sustained  Surface  Winds  (kt) 


6  75  74  73 

Hurricane  Research  I  Streamlines  and  Isotachs 
Division  /  NOAA  Contour  Interval  =  10  kt 
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Figure  5.  Surface  wind  analysis  for  Hurricane  Emily  2200  hr  UTC  31  August  1993 
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The  streamline  depiction  over  Pamlico  Sound  in  Figure  6  suggests  the  domi¬ 
nant  flow  of  water  comprising  the  storm  surge  would  have  occurred  along  the 
back  side  of  the  barrier  islands.  Streamline  depictions  north  of  Cape  Hatteras 
at  this  time  are  approximately  parallel  to  the  shoreline;  therefore,  one  would 
expect  relatively  low  surge  levels  along  the  oceanic  coast.  Characteristics  of 
the  storm  surge  are  discussed  in  detail  in  Chapter  3. 
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3  Storm  Surge  Character¬ 
istics  and  Effects 


Reconnaissance  of  the  affected  area  of  the  Outer  Banks  for  evidence  of 
storm  surge  inundation  began  on  1  September  1993.  Field  teams  from  the 
U.S.  Geological  Survey  (USGS)  office  in  Raleigh,  NC,  moved  into  the  affected 
area  to  identify  high  water  marks.  The  USGS  effort  was  performed  under  a 
tasking  from  the  Federal  Emergency  Management  Agency  (FEMA),  with  fund¬ 
ing  jointly  provided  by  FEMA,  the  U.S.  Army  Corps  of  Engineers,  and 
National  Weather  Service. 

The  USGS  field  teams  identified  108  high-water  marks  on  the  Outer  Banks 
between  the  communities  of  Avon  and  Hatteras  (see  Figure  7  for  locations  of 
communities).  Of  the  108  marks  initially  identified,  62  were  selected  as  being 
of  sufficient  quality  to  adequately  represent  the  elevation  and  extent  of  flood¬ 
ing.  Each  of  the  62  selected  marks  was  leveled  using  a  total  stations  instru¬ 
ment  referenced  to  a  local  benchmark  network.  Data  for  each  of  the  marks 
were  tabulated  to  show  location  referenced  to  latitude  and  longitude,  type  and 
quality  of  mark,  and  the  water-level  and  ground  surface  elevations.  Marks 
acquired  inside  structures  are  tabulated  to  the  nearest  hundredth  foot,  while 
outside  maiks  and  ground  elevations  are  tabulated  to  the  nearest  tenth.  These 
data  are  presented  in  Table  1;  marks  recovered  inside  structures  are  denoted  as 
“I,”  and  marks  recovered  outside  are  denoted  as  “O.” 

The  northern  extent  of  flooding  along  the  Outer  Banks  barrier  island  occur¬ 
red  about  1  mile  north  of  the  Little  Kiimakeet  Coast  Guard  Station.  To  the 
north  of  Little  Kinnakeet,  the  elevation  of  coastal  Highway  12  increases,  form¬ 
ing  a  barrier  which  confined  the  inundation  to  the  narrow  strip  of  land  between 
the  shore  and  highway. 

To  the  south  of  Little  Kinnakeet,  the  entire  community  of  Avon  was  inun¬ 
dated  except  for  isolated  elevated  areas.  South  of  Avon,  Highway  12  was 
inundated  by  water  from  the  Pamlico  Sound  side  of  the  barrier  island,  which 
was  prevented  from  flowing  into  the  Atlantic  Ocean  by  the  beach  dunes  at 
elevations  higher  than  the  highway.  High-water  marks  acquired  along  this 
stretch  of  Highway  12  were  between  7  and  9  ft  above  National  Geodetic  Verti¬ 
cal  Datum  (NGVD).  Water  levels  increased  in  elevation  as  one  approached 
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Areal  distribution  of  high-water  levels  caused  by  Hurricane  Emily 
on  Cape  Hatteras 
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Locations  and  Descriptions  of  High-Water  Marks  ( _ )  and  Water-  and  Ground-Surface  Elevations  for  the 

Hurricane  Emily  Flood,  Hatteras  Island,  North  Carolina,  August  31, 1993 
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the  community  of  Buxton,  where  the  orientation  of  Cape  Hatteras  transitions 
from  predominantly  north-south  to  east-west.  Four  high-water  marks  exceed¬ 
ing  lift  NGVD  were  recovered  just  east  of  Buxton. 

The  zone  of  highest  water  levels  on  the  Outer  Banks  due  to  EmUy  was  near 
the  community  of  Buxton,  most  of  which  was  inundated.  Water  levels  in 
Buxton  ranged  from  about  7  to  10  ft,  with  flooding  coming  from  Pamlico 
Sound.  The  area  south  of  Buxton,  Buxton  Woods,  is  densely  vegetated,  mak¬ 
ing  recovery  of  high-water  maiks  difficult.  While  no  definitive  high-water 
marks  were  recovered  in  this  area,  there  were  indications  of  saltwater  intrusion. 


To  the  west  of  Buxton,  the  village  of  Frisco  was  inundated,  with  high-water 
marks  at  elevations  between  8  and  9  ft.  Hatteras,  the  west-most  community  on 
Hatteras  Island,  also  was  completely  inundated  with  high-water  maiks  at  eleva¬ 
tions  between  6  and  7  fL  As  at  the  commumty  of  Buxton,  flooding  came  from 
Pamlico  Sound. 
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4  Summary 


Figure  7  illustrates  storm-induced  flooding.  Zones  of  water  elevations  in 
feet  above  NGVD  are  denoted.  The  figure  is  intended  as  a  general  overview; 
therefore,  isolated  high-water  marics  of  unusually  high  or  low  elevations  within 
a  given  zone  have  been  ignored  in  the  preparation.  Based  upon  the  recovered 
high-water  marks,  all  of  the  flooding  on  the  Outer  Banks  appears  to  have  come 
from  the  Pamlico  Sound  side  of  the  barrier  island.  This  interpretation  is  based 
upon  the  gradient  of  elevations  of  high-water  maiks  which  slopes  from  the 
Sound  to  the  ocean  and  is  consistent  with  the  streamline  patterns  depicted  in 
the  wind  analyses  of  Chapter  3.  The  streamlines  indicating  wind  direction  in 
the  2200  hr  UTC  analysis  (Figure  5),  the  time  of  PCA,  are  most  shore-normal 
along  the  east-west-oriented  reach  of  Cape  Hatteras.  The  isotachs  indicating 
the  most  intense  wind  speeds  over  land,  approximately  90  knots,  are  located 
near  Buxton,  where  the  highest  water  levels  occurred. 

Hurricane  Emily  was  unusual  in  that  it  caused  significant  flooding  and 
damage  on  the  Outer  Banks,  yet  never  made  landfall  in  the  commonly 
accepted  sense  because  the  eye  of  the  storm  stayed  over  water.  Emily  was 
also  unusual  in  causing  the  most  pronounced  flooding  along  the  back  side  of  a 
barrier  island  system. 
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